Abstract: This research reports on potentiality in the solar chimney as an exhaust ventilation device through a hypothetical statement that convenient weather conditions exist on sub-humid warm climate to enhance the performance of a SC (solar chimney), in order to increase ventilation to dissipate metabolic heat from inhabitants of airtight buildings. The methodology used in this research integrates the use of simplified mathematical models that predict in a semi-empirical way a potential volume flow through estimation of kinetic power generation, by natural circulation and stack effect in a typical covered-plate air solar collector. The study was carried out during the warm month of April, an important warm season for Colima, where the prevailing wind is about 6.8 m/s, the average temperature of maximums and minimums oscillates between 15.4 °C and 34.4 °C with average relative humidity of 65% according to national weather service. A scale model of the SC was installed on environmental chambers. The results showed that this device is capable of generating ventilation conditions around light breeze parameters near between 0.6 m/s and 1.5 m/s width, a better performance at day in 45% approximately than the night values, making ventilation rates up 0.24 ACH (air changes per hour) as average air change rate.
Introduction


With an estimated population of over 112 million, Mexico has 76% of its people concentrated in urban areas, whose housing demand will be reached through construction schemes at low cost, guided both on economic criteria and structural safety that reduce habitability parameters, such as natural ventilation.
In compliance with Köppen-García's climatic classification system, Mexico has nearly 60 different types of climates, divided into four climatic groups based on average temperature and rainfall [1] .
To illustrate this, annual rainfall conditions exist from 183 mm in Baja California up to 2,010 mm in Villahermosa according to Mexico National Weather Service [2] .
It is important to note that almost 40% of urban population in Mexico live in two metropolitan areas: the valley of Mexico and Guadalajara, where prevailing climates are semi-warm with annual rainfall between 827 mm and 947 mm, average temperatures from 18.1 °C to 19.7 °C and, at the same time, the 98% of remarkable seismic activities are present in national urban areas [3] . While structural
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safety regulations in the rest of Mexico commonly derived from these metropolitan areas, thermal behavior in buildings is a factor poorly studied, generating a problematic contradiction.
As an example, safety conditions dictate one unbalanced relationship between openings and walls (ratio 1-1/20 as minimum in Mexico City), but weather conditions suggest very different solutions. Such is the case of the criteria for the use of natural ventilation and thermal mass.
Although Mexico has a potential use of solar energy, as the daily average solar radiation is 4.8 kWh/m 2 to 5.6 kWh/m 2 in the horizontal surface and urban ventilation is close to 8.0 m/s, little advantage of these conditions is taken. Building code guidelines to achieve direct minimum health conditions, but are still very far from seeking hygrothermal comfort of the inhabitants. Yet, withal, many recent studies have shown the possibility of using the aforementioned weather conditions to favor improving habitability through passive ventilation. Examples of this are SC (solar chimneys) that were commonly used only as power plants.
Both in solar chimneys and flat plate collector designs, the solar radiation on exposed surfaces as the main heat input is proportional to the irradiance collected. The most important objective is to maximize the absorption coefficient and the thermal storage capacity from the available surface mass.
Recently, mathematical models, such as those developed for predicting the velocity of airflow in a solar chimney through the prediction of temperature, air flow channel and the glass cover have shown interesting facts in India.
To produce such models, a solar chimney with less than 1 m high absorber and three different opening combinations of air gap and size of the air inlet opening were used. With this, speeds up to 0.24 m/s were observed in the experiment: a compelling approximation of the mathematical model prediction [4] .
Studies in Asia also documented the thermal performance of a solar chimney with glass walls in a small 2. The difference between indoor and ambient temperature was less than when a single layer of clear glass was used, indicating the effect on the further use of crystals with respect to the opaque faces of the absorber [5] .
The research institute of India indicated in their research that scale solar chimneys, when increasing the ratio between the height and the hole between the glass and the collector, increased ventilation which was also caused by the device. This conclusion was compared with modeled results for the analysis of the system. Subsequently, Jyotirmay et al. [6] studied the effect of the inclination of the collector in the airflow in a ventilation system naturally induced. Using an RSC (roof solar chimney) concept during summer due to the solar height, a collector plate with a small inclination captures more sunlight, but decreases its effectiveness by the reduction of the height of the stack. Thus, the results showed that maximum ventilation was found between 40° and 60° inclinations, depending on the latitude of the site. Mathematical models may yield prediction for the improvement of such devices through the modification of any of its elements. The purpose of this study is to determine experimentally that a solar chimney with a flat plate collector has the potential to be used in a warm sub-humid climate, where thermal oscillation range is less significant than in arid climates.
Method
Placement
The experiment was developed by using experimental test chambers located in Coquimatlan, Colima, inside the University of Colima, a suburban area together with Colima City: 103º48′ W, 19º12′ N and 365 m above sea level (Fig. 1) .
The weather conditions in the region are described as warm sub-humid according to Köppen-García's climatic classification system. In this climate, where the relative humidity reaches percentages above 50%, non-ventilated living spaces significantly degrade the living conditions at critical seasonal periods of the year, i.e., when the air temperature is close to the average skin temperature (38 °C). In order to delimit the most critical season, it is possible to correlate variables, such as DBT (dry-bulb temperature) and relative humidity.
For the area of Colima, the situation described above is particularly true during the spring season, in other words, from March to May. According to a TMY (typical meteorological year) simulated through spatial interpolation methods in Meteonorm ® software, the mean temperatures oscillate from 23. Under this weather condition, it was possible to identify that the month of April provides the maximum total solar radiation, useful to generate exhaust ventilation through natural convection processes, as those used in solar plants focused on energy production. However, it is of fundamental interest to know the total radiation, not only in the horizontal surface, conventionally produced by weather stations.
For this, it is necessary to study different numerical models which use the same techniques for projecting the beam and ground reflected radiation onto a tilted surface. They differ only in the calculation of diffuse radiation.
Thus, the total radiation incident on a tilted flat surface is composed as Eq. (1) below:
(1) where, I T is the total radiation on a tilted surface, while I bT is the beam radiation, I dT is the diffuse radiation and I gT is the ground reflected radiation. Given that, for the purposes of this research, the radiation model developed by Perez et al. [7] to calculate total incidence on tilted surfaces was used through the radiation processors type included in TRNSYS ® software. This anisotropic sky model accounts for circumsolar, horizon brightening and isotropic diffuse radiation providing accurate predictions [8, 9] . Eq. (2) shows the estimation of diffuse radiation on tilted surface cited above, including aspects such as the reduced brightness sky coefficients and other parameters as follows:
where, I d is the diffuse radiation on horizontal surface, F 1 ′ is the reduced brightness coefficient (circumsolar), F 2 ′ is the reduced brightness coefficient (horizon brightening), a/c is the weighted circumsolar solid angle and β is the slope of the surface. By using this mathematical model, this research calculates the annual total radiation on different tilted surfaces, with 19 different tilt angles: from 0° to 90° with 5° increments, and 40 different azimuths, from 0° to 360° with 10° increments, but including middle orientations northeast, southeast, southwest and northwest to conform a total of 760 cases, with values interpolated in Fig. 3 .
This polar chart provides values from 521 to 1,954 kWh/m 2 /year, which allows to find the optimum tilt angle and azimuth, in order to take advantage of total radiation on a tilted surface. For the area of Colima, this configuration was found at 0° azimuth (south) with a 20° tilt angle.
It is important to observe the prevailing winds, because of its convective effects. As seen in Fig. 4 , the dominant winds come from 70° azimuth with a mean speed value of 1.9 m/s and 7.4% as the speed weighted percentage.
Test Modules
In order to test the potential of a device which takes advantage of the prior conditions, an experimental scenario was arranged using two test chambers. The specific design features of both of them obey the 1:2 scale representation of a room with the minimum acceptable dimensions of habitability requirements of Colima's building code. Test chambers have 2.46 m 3 volume: 1.35 m, 1.35 m and 1.35 m (length × depth × height). They have a front opening, it is 0.50 m by 1.05 m to provide the necessary air inlet to enable an inhibited cross-ventilation state (Fig. 5) .
The materials employed are traditionally used in Colima, clay brick walls and concrete slab on the roof, with parapets whose height is 0.10 m, walls painted in white color. Each of the chambers is individually capable of offering almost identical weather conditions. To achieve that, a solar geometry evaluation was developed before their construction.
Data Logging Equipment
The instruments used to capture and record weather information detect wind and temperature variations with a high degree of sensitivity. These were located inside the test and experimental chamber respectively to see the ventilation changes generated by the subsequently proposed device. An HD2103.2 Delta Ohm ® unidirectional hot-wire anemometer-thermometer with a flexible telescopic probe and DBT sensor range from -30 °C to 110 °C, speed wind of 0.0~40.0 m/s, ±0.2% accuracy, was used. Additionally, a U12-012 ONSET HOBO ® data logger with temperature sensor range from -20 °C to 70 °C, ±0.35 °C accuracy, RH range from 5% to 95%, ±2.5% accuracy dry-bulb temperature due to passive ventilation, was used (Fig. 6) .
To ensure the validity of the experiment, wind conditions of the control and experimental modules were compared, they showed an acceptable similarity: sample size of N = 2,880, sample mean value ofx = 0.05 and a standard deviation of σ = 0.086 (Fig. 7) .
Experiment
Once the experimental set up to investigate was built, the scale and design of the solar chimney was arranged considering the aspects of proportion (Fig. 8) . The theoretical basis of this prototype was given by the thermo-siphon principle and simplified by the equation below:
where, Q is the volume flow rate, ρ is the air density, g is gravitation constant and ΔT is the dry-bulb temperature gradient. Thus, the design of the air collector was based on the observation of the flat solar collector typical design, used to produce electrical or thermal energy, where: ( Even when steel is not the most conductive material used to build collector's plate, it implies a radiant energy absorption around 0.40~0.65 and an infrared emittance 0.20~0.30 is the least expensive compared to copper and aluminum, a remarkable factor for the low-income housing policies. To complete the setup, the equipment was located in Fig. 9 , where, x is the ventilation device, y is the probe of the unidirectional hot wire anemometer-thermometer, and z is the data logger.
After this, the relevant monitoring period was also determined to conduct performance of the ventilation device. The month of April when sun provides 194.16 kWh/m 2 /month as a maximum total radiation value is able to supply 189.69 kWh/m 2 /month for a collector plate with an angle of inclination of 20° oriented due south. The frequency of wind and temperature capture was fixed for each minute of the day to form a daily profile based on 1,440 records of each day of April in the spring of 2011.
With the information obtained, April 5th was selected as a representative day within the same sample that met the approximate mean temperatures reflected by the weather data for this month, taking into account the mean maximum and minimum temperatures and typical day limits sought within records in question.
Results
The results showed an expected natural behavior, the more solar radiation increases, the more solar chimney increases its performance, with presence of wind gusts within the 7-9 h and 12-19 h. The average wind speed recorded was near 0.1 m/s due to the calm periods. A slight difference in the thermal behavior of the modules (1 °C) was also observed. However, the trend of thermal behavior in both modules was practically identical.
The interpretation of the results leads to the performance calculation, which shows the potential of this device in Table 1 . The estimation was obtained using Eq. (4) where, N is the number of air changes per hour, q is the volumetric flow rate of air in cubic meters per minute and V is the space volume in cubic meters.
Discussions
The results showed a consistent trend in the passive ventilation provided by the SC, although the values were low. Nocturnal behavior of the device was more flattering than it could have been estimated, considering the absence of solar radiation (45% less than shown at day) and the low thermal mass involved.
Because of this, the clear definition of natural ventilation as selective strategy is worthy, due to its direct relation with the compatibility between outside conditions and any passive ventilation device (Fig. 11) .
To emphasize it, the daily data can be grouped in compliance with two simple conditions, just to illustrate the need of a method to decide if the air introduced into the building should be treated or not.
The first is based on epidemiological, clinical and climate studies that indicate RH between 30%~60% is the appropriate range to maintain an acceptable indoor air quality [9] .
The second condition is based on the thermoneutral zone definition, the range of ambient temperature at which human thermoregulation is achieved only by control of sensible heat loss, i.e., between 28.5~32 °C DBT [10] .
When these conditions were overlapping, the outside air temperature was considered positive and ready to be used and if not, it was considered negative. At the day of the experiment, RH and DBT values per minute were recorded. The positive values took place from 09:25 h through 11:40 h and finally from 17:10 h through 19:10 h when wind speed reaches its high magnitude.
It is important to note that additional strategies can 
Conclusions
The described information above allows appropriate adjustments to the SC design, through the extension of the flat plate collector, the flow channel and constructive aspects, such as thermal mass or even in the number of ventilation devices per room.
Thus, the operation of a solar chimney or air collector depends not only on solar radiation, but also on a convenient regimen of selective use in the months and relevant hours for this type of devices. Therefore, strategies can be assumed to cool, heat, humidify or dehumidify the air before its injection in habitable areas.
While thermosyphon effect is exploited to facilitate exhaust ventilation only, the literature reviewed shows signs that lead to research that solar chimneys are devices that are part of more complex composite systems which can change not only the inner air change rate through exhaust ventilation, but also the relative humidity and dry bulb temperature.
Because of that, it is highly advisable for future applications to study SC within composite systems and its interaction not only on single rooms, but in complete habitable areas to identify the effects on complex indoor environments.
